Abstract It is known that transcription factors (TFs) work in cooperation with each other to govern gene expression and thus single TF studies may not always reXect the underlying biology. Using microarray data obtained from two independent studies of the Wrst wave of spermatogenesis, we tested the hypothesis that co-expressed spermatogenic genes in cells committed to diVerentiation are regulated by a set of distinct combinations of TF modules. A computational approach was designed to identify over-represented module combinations in the promoter regions of genes associated with transcripts that either increase or decrease in abundance between the Wrst two major spermatogenic cell types: spermatogonia and spermatocytes. We identiWed Wve TFs constituting four module combinations that were correlated with expression and repression of similarly regulated genes. These modules were biologically assessed in the context that they represent the key transcriptional mediators in the developmental transition from the spermatogonia to spermatocyte.
Introduction
Within the seminiferous tubule of the testis, spermatogenesis is marked by the succession of cellular events that lead to the production of viable and fertile spermatozoa (Holstein et al. 2003) . In mouse the Wrst wave of spermatogenesis from birth is complete in approximately 33 days and in man the Wrst wave encompasses approximately 64 days. Spermatogenesis is initiated in the basal compartment of the germinal epithelium, with asymmetric division of spermatogonial stem cells A single (As) . This gives rise to daughter cells A paired (Ap) that embark on the diVerentiative pathway (see de Rooij 2001) . This Wrst stage of spermatogenesis is characterized by the multiplication of spermatogonia through mitotic divisions. Each of the cells generated by a spermatogenic stem cell remains linked together by cytoplasmic bridges, until the later stages of spermiogenesis. Mitotic divisions appear to randomly occur between the diVerent clusters of spermatogonia as Ap spermatogonia divide yielding A aligned (Aal) spermatogonia. With each division, the spermatogonia migrate further into the seminiferous tubule, toward the lumen, but they are unable to cross the tight junction between adjacent Sertoli cells that separate the basal and the luminal compartment. At any given moment Aal spermatogonia will diVerentiate into A1 spermatogonia which will then undergo a series of synchronized mitoses that give rise to type B spermatogonia. After the last mitotic division, the cells enter the meiotic phase of spermatogenesis that after two reduction divisions gives rise to a population of haploid round spermatids. Whereas the Wrst meiotic division occurs over a long period and cells can be isolated in relatively pure form, the second reduction division giving rise to the round spermatid is compressed. The spermatids are then morphologically restructured shedding their cytoplasm as their chromatin condenses, the acrosome and Xagellum form until they are released into the lumen of the seminiferous tubule as the terminally diVerentiated spermatozoa.
This complex diVerentiative process requires the induction of many genes regulated by mechanisms capable of restricting expression to speciWc stages of the spermatogenic pathway (Krawetz et al. 1999) . For example, using a gain-of-function screen (Schulz et al. 2004 ) forced expression of numerous genes in Drosophila germ cells as well as in somatic progenitor cells, caused defects in early spermatogenesis.
Transcription factors (TFs) mediate gene expression by binding to their cognate sites within the promoter region. Many TFs belonging to major families such as CREB, heatshock, Sox, zinc Wnger, homeo domain and basic helixloop-helix, have been associated with the expression of spermatogenic genes (Maclean and Wilkinson 2005) . One of the intensively studied TFs driving expression of spermatogenic genes is the testis-speciWc form of CREM, i.e., CREM T . The importance of this TF was shown by the arrest of spermatogenic cells at the round spermatid stage in male mice when CREM was inactivated (Blendy et al. 1996; Nantel et al. 1996) . CREM T is required for the transcription of postmeiotic genes including the protamines (Prm1, Prm2), the transition proteins (Tnp1, Tnp2), proacrosin and calspermin (Sassone-Corsi 1998). The importance of these and other TFs like Plzf (Buaas et al. 2004; Costoya et al. 2004 ), Hsf1 and Hsf2 (Zhang et al. 2002 ) is established.
TFs rarely operate in isolation. Complex patterns of regulation are cooperatively achieved through the action of nelement transcription modules or frameworks (Werner et al. 2003) . These generate a binding structure sensitive to the states of potentially numerous regulatory pathways within the promoter region of a gene (Arnone and Davidson 1997) . For example, it is likely that TFs work in concert as a transcription network to contextualize the expression of acrosin. Mutating the acrosin promoter SREBP2gc binding site was shown to decrease acrosin expression in spermatogenic cells (Wang et al. 2004) . In vitro experiments have also suggested several other co-regulatory TFs of acrosin, including Tet-1 and YY1 (Nayernia et al. 1994; Schulten et al. 1999 Schulten et al. , 2001 .
Two primary strategies for mapping regulatory networks have been developed. They are (1) analyzing the promoter regions of coordinately expressed genes for common TF binding sites and (2) identifying highly conserved sites in the promoter regions of orthologous genes. Both strategies rely on the postulate that transcription of similarly expressed genes when considered over suYcient genes can be statistically associated with sets of similar TFs.
The KSPMM database of spermatogenic promoter modules and motifs is a searchable web-based resource for the comparative analysis of promoter regions and their constituent transfactor elements in developing male germ cells (Lu et al. 2006b ). The system is populated with promoter sequences from the database of transcription start sites (DBTSS) (Suzuki et al. 2004) and Transfac (Wingender et al. 1996) binding site matrix models to identify TF modules present in proximal promoter regions of genes coordinately expressed during spermatogenesis. This approach was adopted to assess whether other trans-acting factors may be involved in spermatogenic gene expression. A novel algorithm was used to determine over-representation of TF modules of co-expressed genes (Lu et al. 2006a; Naismith et al. 2008 ) from two independent microarray datasets for the Wrst wave of murine spermatogenesis. Transcription frameworks governing the expression of spermatogenic genes from spermatogonia to spermatocytes were identiWed. The TFs were then conWrmed using a proteomic strategy. The results of this study revealed a discrete set of TFs that are likely coordinated to govern gene expression during the Wrst morphological progression of spermatogenesis.
Materials and methods
In-silico identiWcation of transcription factor modules driving spermatogenic genes Gene expression from two independent microarray timecourse studies encompassing the Wrst round of murine spermatogenesis were selected for analysis (Schultz et al. 2003a; Shima et al. 2004) . The data from the three duplicate MG-U74 A, B and C microarrays for 11 time points between day 0 and day 56 (GEO Series GSE926) were employed as one dataset. A similar dataset covering ten time-points from day 1 to adult (GEO Series GSE640) was used as the validating dataset. Data from both sources were assigned to reXect the Wrst two stages of development, spermatogonia (days 0-8), and spermatocytes (days 10-21) at which the germ cells are Wrst observed. Comparisons between the median expression of genes across replicates and samples at these two diVerent stages were undertaken. Those genes exhibiting stable expression within each stage and at least a twofold change in expression between stages (P < 0.01) were selected as exhibiting consistent stage linked modulated transcription.
Promoters for the genes of interest were obtained by querying the DBTSS on murine genome build 5 (May 2004). Analysis encompassed 1 kb 5Ј of the transcription start site (TSS) and 200 bp 3Ј of TSS. Where multiple TSSs were evidenced for a gene, the promoter sequences for all start sites were used as independent promoters. Candidate TF sites were identiWed using a threshold of a ¸0.96 match to the position weight matrices (Lu et al. 2006a) . A single exception, the GATA family members bind essentially identical sequences, such that at ¸0.96 they are considered identical. Accordingly they were considered a single class the GATA-C (Class). To reduce complexity, transcription modules composed of binary elements were initially considered. This criterion enabled the identiWcation of potentially functional hetero or homodimeric modules from a nonspeciWc separation model that permitted a distance range of no more than 200 bp and no less than 5 bp between two TFs (Frech et al. 1997; KlingenhoV et al. 1999 ). All possible module combinations were catalogued. The correlation between the expression changes, either positive, or negative, common to genes having a conserved subset of modules was then determined using a series of contingency tables (Lu et al. 2006a ). The co-incidence matrices were highly biased. For example, the absence of a module-combination with no signiWcant change in expression was more likely to be observed. To reduce type I error a Liddell measure (Liddell 1976 ) was used to determine a P value, and threshold. This was set at P < 0.005. This test has been widely used for the analysis of clinical trial data and is based on the maximum likelihood estimate of a single parameter, in this case co-incidence, and provides greater power when compared to an exact test without randomization (Liddell 1976) . The simplest module combinations capable of predicting expression were then considered further. Association of module combinations and genes changing in expression were visualized using the Osprey Network Visualization System, version 1.2.0 (Breitkreutz et al. 2003) . SymAtlas (http://www.symatlas.gnf.org/SymAtlas) of the Genomic Institute of the Novartis Research Foundation was used to determine the tissue speciWcity of the transcripts retained in the analysis.
Isolation of spermatogenic stage-speciWc cells and nuclear protein extraction Pachytene spermatocytes and round spermatids were isolated from adult CL/BL6 mice by unit density gravity sedimentation as described (Wykes and Krawetz 2003) . The purity of the fractions was assessed through optical microscopy to ascertain the absence of contamination by testicular somatic cells (Sertoli cells, Leidyg cells). Fractions were typically of >90% pure. Spermatogonia were a gift from Dr. John McCarrey (University of Texas at San Antonio, USA). Nuclear protein extraction, used the Panomics Nuclear extraction kit and essentially as described by the manufacturer (Panomics Inc., Redwood City, CA). In brief, the cells were Wrst washed in PBS then resuspended in BuVer A supplemented with 1 mM DTT, protease inhibitors and 0.4% IGEPAL to lyse the cells without aVecting the nucleus. After centrifugation, the supernatant was removed and the nuclear pellet incubated in a high salt buVer supplemented with 1 mM DTT and protease inhibitors to extract the nuclear proteins comprising the TFs. These were then collected by centrifugation. The supernatant obtained after cell lysis was reserved for future analysis. Supernatant and nuclear protein extracts were stored at ¡20°C for subsequent use. Proteins were quantiWed using the Bradford assay.
Biological identiWcation of spermatogenic transcription factors
Validation of spermatogenic TFs constituting the modules identiWed in-silico was carried out using the Panomic's TranSignal Protein/DNA Combo Arrays essentially as described by the manufacturer (Panomics Inc., Redwood City, CA). BrieXy, nuclear proteins were incubated in the presence of a biotinylated DNA probe mix containing 345 TF binding site oligonucleotides. The protein/DNA complexes were puriWed away from unbound DNA probes, then the proteins released from the complex. The speciWcally bound DNA probes were then isolated, denatured then hybridized to an array containing 345 complementary TF binding sites. Subsequent to hybridization, the speciWcally hybridized sequences were detected by streptavidin-HRP chemiluminescence.
Western blot conWrmation
Nuclear proteins (Panomics Inc., Redwood City, CA) were resolved on a 10% SDS-PAGE gel then transferred to Amersham Hybond ECL membranes (GE Healthcare Life Sciences, NJ). Detection of Stat1 and Stat3 employed the Stat Antibody Sampler according to the manufacturer's recommend protocol (Cell Signaling Technology, MA). Protein complexes were detected using the ECL Advance Western Blotting Detection (GE Healthcare Life Sciences, NJ).
Results
Microarray technology has enabled the identiWcation of numerous genes associated with each stage of spermatogenesis. However, the transcriptional regulation of these genes remains poorly characterized. Using the initial micro-array data describing the spermatogenic transcriptome (Schultz et al. 2003a; Shima et al. 2004 ), we selected the concordant group of transcripts that increase or decrease in abundance at least twofold after commitment to spermatogenesis, i.e., from spermatogonia to spermatocytes. Surprisingly only 160 transcripts were concordant between datasets and thus retained for analysis. TF modules, i.e., frameworks, within the promoter regions of these genes were then identiWed.
A summary of the number of promoters and module combinations that were identiWed in association with the change in expression between the two spermatogenic cell types is summarized in Table 1 . Only one correlating framework was identiWed in the promoters of the genes encoding transcripts that increased from spermatogonia to spermatocytes. A greater number of correlating module combinations in the promoters of genes that decreased in expression from spermatogonia to spermatocytes was observed.
The modules represent the combination of Wve TFs, PAX2, GATA-C, STAT3, STAT1, and AREB6 deWning the following modules PAX2-GATA-C + STAT3-GATA-C; STAT1-GATA-C module along with either a GATA-C-PAX2, STAT3-STAT3, or AREB6-GATA-C. While STAT1 and AREB6 were solely associated with a decrease in transcript levels, PAX2, GATA-C and STAT3 were associated with both the increase and decrease in expression. This may reXect that these factors work together in both positive and negative combinations to limit expression within a speciWed range.
Increasing levels of transcripts from spermatogonia to spermatocytes
As shown in Fig. 1 , as meiosis begins, a single transcription framework, PAX2-GATA-C + STAT3-GATA-C, was common among the promoters of the 70 genes that exhibited an increase in transcript abundance from spermatogonia to spermatocytes. A subset of genes, i.e., Bad, Nphp1, Lrrc28, Tsga8, Sumo, Pde1c, Capbpip1 were DBTSS classiWed as containing two promoters and both were considered. A list of the genes containing this framework, their SymAtlas level of expression in testis and ontology is summarized in Table 2 . These genes were representative of a broad range of ontologies including transport, cell cycle, metabolism, protein biosynthesis, protein phosphorylation, RNA processing, signal transduction, transcription, cell organization, biogenesis, and protein degradation. Decreasing levels of transcripts from spermatogonia to spermatocytes
As summarized in Fig. 2 and Table 3 , three transcription frameworks were common among the promoters of 83 genes that presented a decrease in transcript abundance from spermatogonia to spermatocytes. A subset of genes, i.e., Ddx3, Notch2, Ric8b, Otud5, Cugbp2, Tcf12 was attributed in DBTSS as containing two promoter regions. As above, both were considered. Interestingly all frameworks contained the STAT1-GATA-C module accompanied with either a GATA-C-PAX2, STAT3-STAT3, or AREB6-GATA-C module. Fourteen genes were associated with all module combinations. Ontology groups associated with each framework included signal transduction, transport, transcription, metabolism, RNA processing, protein biosynthesis, and protein degradation.
IdentiWcation of transcription factors present in spermatogenic cell nuclei
To ascertain whether the TFs were present in spermatogenic cell nuclei, spermatogenic cells were isolated from testis and interrogated with Panomic's TranSignal Protein/ DNA Combo Arrays. The results are shown in Fig. 3 . All of the TFs identiWed by the computational approach were represented on the 345-element array. Patterns of TFs present in type A spermatogonia and spermatocytes were very similar. TFs previously shown to be present in spermatogenic cells, such as SP1 (J3), YY1 (J2), E2F (J1) and Ahr/ Arnt (J4) were detected (Persengiev et al. 1996; Schulten et al. 2001; Schultz et al. 2003b; El-Darwish et al. 2006) . TFs including PAX2 (G21), GATA1 (G6), GATA2 (I6), and STAT1/STAT3 (M22) were detected in both cell types, while AREB6 (B10) was not. It is of note that both STAT1 and STAT3 were detected using a binding site common to both TFs, whereas STAT1 and STAT3 speciWc sequences appeared absent. STAT proteins are primarily cytosolic and translocate to the nucleus upon activation through phosphorylation and dimerization (Desrivieres et al. 2006) . The presence of STATs was veriWed by Western analysis, using antibodies speciWc for STAT1 and STAT3. Both cytosolic and nuclear fractions for each cell type were resolved by SDS-PAGE, transferred to nitrocellulose membranes and then processed for immunodetection of STAT proteins. As shown in Fig. 4 , both STAT1 and STAT3 are present in spermatogenic cells.
Discussion
An in silico strategy was developed to mine microarray data for common transcriptional control elements. The utility of this strategy was previously validated shown using a yeast cell cycle dataset where known TFs were indentiWed (Lu et al. 2006a ). Having validated this strategy, the question becomes, can transcriptional frameworks that demarcate diVerentiation be identiWed? To directly address this question, two studies of the Wrst wave of murine spermatogenesis were identiWed and the changes in the transcriptional proWles from spermatogonia to spermatocyte compared. This resolved several combinations of TF modules embedded within promoters, i.e., frameworks that were strikingly correlated with their coordinate change in expression from the spermatogonial to spermatocyte stage of spermatogenesis. When taken individually, the TFs that comprise the frameworks identiWed, i.e., PAX2, GATA-C, STAT1, STAT3, and AREB6, have many binding sites in the promoters analyzed. However, the modules they constitute and identiWed using our computational approach are generally present once or twice in the promoters. Thus, considering modules instead of the individual binding sites eliminated the possibility that the transcription factors were identiWed because their binding sites were present many times in the promoter regions analyzed. A total of 160 transcripts changed expression in a concordant manner. This somewhat low level of concordance was unexpected since both studies used the same approach for RNA extraction through the Wrst wave of spermatogenesis and the same microarray platform. This likely reXects the high stringency of the statistical bounds employed in this study to minimize type 1 error. Analysis of microarray data from isolated adult spermatogenic cells ) and the Wrst wave of spermatogenesis (Schultz et al. 2003a; Shima et al. 2004) corroborates the presence of the majority of these TFs.
Interestingly, GATA1 and GATA2 proteins were present in accordance with transcriptome data. Of the Wve TFs computationally predicted, four were validated as present in spermatogonia and spermatocyte nuclei using a protein/ DNA array. Recently the presence of GATA binding sites in spermatocyte-speciWc genes was reported , and mRNAs corresponding to the GATA family members have been identiWed (Schultz et al. 2003a; Shima et al. 2004) . Their over-representation in module combinations regulating spermatogenic cell expression is novel. Other TFs that were identiWed have been associated with spermatogenesis. For example PAX2 was detected in a testis-speciWc manner in the rainbow trout (Baron et al. 2005) and shown to be important in the formation and maintenance of the male reproductive tract in mammals (Kobayashi and Behringer 2003) . STAT3 has been detected in adult mouse testis (Murphy et al. 2005) and is suggested to be involved in the self-renewal of spermatogenic cells in Drosophila (Tulina and Matunis 2001) . STAT1 was detected in mature spermatozoa (D'Cruz et al. 2001) and as summarized by Western analysis in Fig. 4 , both STAT1 and STAT3 are present in cells of the spermatogenic lineage. The protein/DNA array enabled the validation of the majority of the modules identiWed as changing in gene expression from spermatogonia to spermatocytes, in addition to identifying other TFs present in murine spermatogenic cells. This method has been successfully applied in other studies to identify pathways by which IL-13 downregulates the inducible nitric oxide synthase gene (Shao et al. 2007) , the TFs downstream of the protease activated receptor in mouse urinary bladder during inXammation (Saban et al. 2007) , and the cis-elements regulated by toxic nitric oxide (NO) concentrations in neuroblastoma cells (Dhakshinamoorthy et al. 2007 ). In general, the module combinations identiWed in-silico in the promoters of genes that change between spermatogonia and spermatocytes were validated. The sole exception was the AREB6-GATA-C + STAT1-GATA-C combination. AREB6 was not detected in either of the spermatogenic cell types using the protein/DNA array method. Perhaps another currently uncharacterized TF binds to this location. Irrespective, within this framework the STAT1-GATA-C module was validated. Furthermore, the majority of the genes associated with this module were associated with either one or both of the other two modules to form functional frameworks. It is possible that the STAT1-GATA-C module in itself is suYcient to down-regulate those genes. Whether all module combinations are required to down-regulate the 14 genes associated with all three frameworks remains to be determined.
Other spermatogenic-speciWc TFs have been identiWed, but their consensus binding site sequences largely remain unknown and the computational identiWcation of transcription frameworks must be aVorded this consideration. For example, Sohlh1, a basic helix-loop-helix TF detected in oocytes and spermatogonia, was recently suggested to be involved in diVerentiation of spermatogonia to spermatocytes (Ballow et al. 2006a) . Similarly, Sohlh2, is only detected in spermatogonia in the male (Ballow et al. 2006b ). At present, the binding sites for these TFs remains to be fully elucidated.
Extending this approach to determine transcription frameworks governing the expression of coregulated genes in adult spermatogenic cells is the clear next step. To date only one microarray dataset from isolated male germ cells has become publicly available (Namekawa et al. 2006 ) and caution must be exercised as recent studies suggest diVerences in the "behavior" of spermatogenic cells during pubertal and adult spermatogenesis (Jahnukainen et al. 2004; Yoshida et al. 2006; Ebata et al. 2007 ). This will require careful consideration.
Analysis of combinations of corelated modules in the promoters of coregulated genes enables the determination of potential frameworks involved in gene expression in a tissue/cell speciWc context. The multi-factor composition of all the signiWcantly detected module combinations has highlighted the extent to which the conjunction of TFs permit tissue-speciWc contextualization of regulation to be achieved with even a relatively limited Transcription Factor vocabulary. The crosstalk between multiple transcription networks may permit relatively ubiquitous binding sequences such as those targeted by GATA TFs to exert a highly stage-speciWc inXuence to Wne tune and specify gene expression.
